In order to ensure the service security of space structures under wind load, the stress identification method based on the combination of fuzzy pattern recognition and information fusion technique is proposed, in which the measurements of limited strain sensors arranged on the structure are used. Firstly, the structure is divided into several regions according to the similarity and the most unfavorable region is selected to be the key region for stress identification, while the different numbers of the strain sensors are located on the key region and the normal regions; secondly, the different stress distributions of the key region are obtained based on the measurements of the strain sensors located on the key region and the normal regions separately, in which the fuzzy pattern recognition is used to identify the different stress distributions; thirdly, the stress distributions obtained by the measurements of sensors in normal regions are selected to calculate the synthesized stress distribution of the key region by D-S evidence theory; fourthly, the weighted fusion algorithm is used to assign the different fusion coefficients to the selected stress distributions obtained by the measurements of the normal regions and the key region, while the synthesized stress distribution of the key region can be obtained. Numerical study on a lattice shell model is carried out to validate the reliability of the proposed stress identification method. The simulated results indicate that the method can improve identification accuracy and be effective by different noise disturbing.
Introduction


Large space structures are usually the important symbols in cities, which are wind-sensitive because of their small damping ratio and low frequency in vibration. Therefore, the safety and reliability of the large space structures under wind load is one of the most important research problems. Structural health monitoring is a method which can obtain the structural responses and give the estimation of the working status of the structure, while different types of sensors are arranged on the structure. Recently, the researchers [1] [2] [3] [4] [5] put emphasis on realizing objectives and functions of structural health monitoring system using limited measurements of sensors. For example, Ming Liu et al. [6] assessed the reliability of bridge through the long-term monitoring measurements of strain sensors under traffic loads and researched the  Corresponding author: Jun Teng, PhD, professor, research field: structural health monitoring. E-mail: tengj@hit.edu.cn. security limit using the actual traffic conditions and measurements of strain sensor on Wisconsin Rive Bridge in United States.
Key region is defined as the unfavorable region with higher stress level than the normal regions of the structure, which is related to the safety of the structure directly. Generally, the stress distribution of the key region is obtained by the measurements of limited sensors located on the key region directly, in which the stresses of elements without sensors locating on can not be obtained. In addition, it is impossible to measure the stresses of all the elements in the key region due to the requirements in economic and the construction of the structural health monitoring system. Therefore, the stress identification method based on measurements of limited strain sensors is proposed.
In the structural health monitoring system of Shenzhen Citizen Center in China, the stress fields of brace steel brackets are identified by the limited measurements of strain sensors located on the key points [7] . However, the measurements of strain sensors located on the normal regions should also be used to obtain the stress distribution identification of the key region, which can provide much more known measurements and reduce the incompleteness of information existing in structural health monitoring system. Information fusion technique can fuse the measurements of strain sensors located on key region and the normal regions, and give synthesized information for identification, eliminate redundancy and contradictions that may exist. Information fusion technique has been used in structural damage identification, while it is demonstrated that the identification results are better than that only using one sensor information source by numerical examples [8, 9] .
The objective of the research is to develop a stress identification method using fuzzy pattern recognition and information fusion technique, while the acquisition for the stress distribution of the key region is discussed using the measurements of strain sensors located on both the key region and the normal regions. Correspondingly speaking, the acquisition for the stress distribution of the key region using measurements of strain sensors located on the key region is called the key region identification; and the acquisition for the stress distribution of the key region using measurements of strain sensors located on the normal regions is called the normal region identification. Firstly, the key region identification and the normal region identification are obtained by the fuzzy pattern recognition; secondly, information fusion technique is used to give the synthesized stress distribution of the key region; finally, the stress distribution identification for a shell structure is simulated and the method is proofed to be effective.
Basic Process
The proposed method is divided into early-stage preparation part and real-time monitoring part, which is shown in Fig. 1 . In the early-stage preparation part, firstly, the key region identification and the normal region identification are obtained using fuzzy pattern recognition; secondly, the selected normal region identification results are decided using the D-S evidence theory; thirdly, the different fusion coefficients for the key region identification and the selected normal identification are assigned using the Fig. 1 The framework of the stress identification method.
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weighted fusion algorithm; finally, all the results are saved in the fusion center for obtaining the synthesized stress distribution of the key region in real-time. In the real-time monitoring part, firstly, the key region identification and the normal region identification are acquired using fuzzy pattern recognition; secondly, the synthesized stress distribution of the key region can be obtained with different fusion coefficients.
Fuzzy Pattern Recognition
The pattern recognition aims to classify the new pattern into some pattern in the standard pattern library based on a priori knowledge, in which the feature vector is extracted to represent the characteristics of the pattern and the fuzzy neartude is used to measure the similarity between new pattern and some pattern in the standard pattern library. To represent the global characteristics of the feature vectors, the fuzzy set constructed by the membership function of each element in feature vector is used to calculate the fuzzy neartude between patterns.
In the paper, the feature vectors of pattern recognition can be obtained by the measurements of strain sensors located on the key region and the normal regions. The standard pattern library is formed by calculating the different stress distributions of the key regions under different load cases in the finite element analysis, while the domain U of fuzzy pattern recognition is formed by the feature vectors under different load cases. In order to reflect the characteristics of the stress distributions of the key region better, the variation of stresses in measured elements should be sensitive to the change of load cases, so the elements with larger means and variation coefficients in stress distributions are selected to located sensors on.
Membership Function
The i th pattern in the standard pattern library, the feature vector can be denoted as:
( 1) The membership function of the stress in the j th measured element in the feature vector can be expressed as [7] : (2) where, σ j represents the stress of the j th measured element of the i th pattern, σ jmax and σ jmin are the maximum and minimum stresses of the j th measured element in the domain U. In this way, corresponding with domain U, the fuzzy subset A i of the i th patter is:
The standard pattern library is composed of m patterns, whose fuzzy set is denoted as A, (4) And the fuzzy set B to be recognized can also be calculated in the same way. If is close to A i , then B is classified into A i .
The Principle of Classification
The fuzzy neartude which can measure the nearness of two fuzzy subsets is denoted as [10] :
where, B(μ j ) represents the membership function of the stress in the j th measured elements in the pattern to be recognized. The fuzzy neartudes of fuzzy subsets between the pattern to be recognized and the patterns in the standard pattern library can be acquired by Eq. (5).
In the original fuzzy pattern recognition method, the pattern of stress distribution to be recognized is classified into some pattern with the largest fuzzy neartude in the standard pattern library, that is to say, the stress distribution of the key region is the stress distribution of the pattern with the largest fuzzy neartude. However, the differences among the first few patterns with larger fuzzy neartudes are very small, that is to say, such patterns in the library can 1 2 , , ,
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also represent a certain feature of the pattern to be recognized. Therefore, in the paper, the first few patterns with larger fuzzy neartudes are considered to decide the weighting coefficients for classifying the new pattern, while an improved method is proposed and the corresponding identified stress is known as: (6) where, σ i ′is the stress identification result of the i 
Information Fusion
D-S Evidence Theory
D-S evidence theory [11] , a probability-based information fusion classification algorithm, is useful when the information sources contributing information cannot associate a 100 percent probability of certainty to their output decisions. The D-S evidence theory is used to select the normal region identification results which are applied to calculate the synthesized stress distribution of the key region.
The hypothesis space is made of a finite set of n mutually exclusive and exhaustive propositions, which is called the frame of discernment and denoted by Θ. A power set of 2 Θ is the set of all the subsets of Θ including itself and a null set Ф. Each subset is called a focal element. The basic probability assignment (BPA) is critical variable of evidence theory. The BPA of any subset A is represented as m(A), which defines a mapping of 2 Θ to the interval between 0 and 1. The value 0 and 1 indicate no belief and total belief in a proposition separately, and any value between these two limits indicates different partial beliefs. Formally, the description of BPA can be represented as:
The assigned probability to Θ is considered as the amount of uncertainty within the BPA.
In the paper, the BPA is acquired by statistical evidence method [12] . If a group of evidence is acquired on the results of statistical test, then it is called statistical evidence. Statistical evidence is the usage of D-S evidence theory in statistical problems, which is a new method Shafer used to handle statistical problem, and is an attempt using non-statistical methods to solve statistical problem.
The observation of statistical testing is determined by a group of probability models {p ο |ο∈Θ}, in which Θ is the frame of discernment, p ο is the probability when the proposition ο is given.
The frame of discernment is defined as {"accurate identification A", "inaccurate identification Ā"} in the paper. When all the BPA cannot be assigned to m(A) and m(Ā), the rest of BPA is assigned to Θ, that is m(Θ)=m(A ∪ Ā). The probability of accurate identification p A is defined as the probability of the identification error less than 15%, which is acquired by analyzing the errors of stress distribution in the key region obtained by the measurements of sensors in the key region and the normal regions. Then, the BPA of Θ is calculated by the statistical evidence method listed as follows.
Assuming the consensus assumption is met, that is, Θ 0 = {A, Ā} is an ordered set of Θ, which satisfies p A >p Ā , then the corresponding BPA is
If the consensus assumption can not be met, the generalization method of acquiring BPA can be achieved by weakening the consensus assumption. (11) When there are three or more stress distributions obtained by the measurements of sensors in the key regions and the normal regions, the application of Dempster's rule is repeated using the BPA calculated from the first application of the rule and the other BPA from another stress distribution. The Dempster's rule is used to fuse all the possible combination of the stress distributions obtained by measurements of the key regions and the other regions. Finally the combination which has the highest BPA for "accurate identification A" will be selected to calculate the synthesized stress distribution of the key region.
Weighted Fusion Algorithm
The weighted fusion algorithm is used to obtain different fusion coefficients for the key region identification and the normal region identification. If the identified stress of one element in the key region obtained by the measurements of sensors in n regions are σ 1 ,σ 2 ,…σ n , which are independent of each other, and the fusion coefficients corresponding to them are w 1 ,w 2 ,…,w n , then the synthesized results is defined as (12) where, the fusion coefficients satisfy .
The fusion coefficients w is determined on the purpose of minimizing the identification errors, which is calculated by minimizing the fitness function with genetic algorithm.
The fitness function is as follows: (13) where, m is the number of total identified stresses of the i th elements in the key region with the training samples; is the true value of i th element stress; is the synthesized stress of i th element acquired using information fusion, which is given by Eq. (12).
Numerical Simulations
The Finite Element Model
The model is a Schwedler-type single-layer sphere lattice shell as shown in Fig. 2 .
The section of the elements in radial direction is 133 mm in diameter and 4 mm in thickness and the section of the elements in ring direction and in oblique direction is 127 mm in diameter and 3mm in thickness. The finite element model of the lattice shell consists 
The Division of the Lattice Shell
The structure is divided into four regions according to the similarity and the region 1 with 30 elements in ring direction is selected to be the key region for stress identification, which is shown in Fig. 3 .
The Selection of the Measured Elements
The measured elements are selected based on the larger means and variation coefficients in each ring of the structure are selected the measured elements, which are shown in Fig. 4 with light color. In addition, the dark colors in Fig. 4 are the unmeasured elements in the key region. Moreover, the measured elements in normal regions have the same arrangements as the key region.
The Establishment of Samples
In order to determine stress distribution patterns, wind loads are simulated with mean wind speeds from 5 m/s to 60 m/s, in every 5 m/s, a total of 12 different grades in wind loads. The simulation time of wind loads is 10 minutes and the sampling frequency is 10 Hz, so there are 6000 load steps in each grade of wind loads. There are 6000 patterns of stress distributions corresponding to each grade of wind loads from the finite element analysis.
The standard pattern library is formed of 2000 patterns of stress distributions under each grade of wind loads. The training set is formed of 50 patterns of stress distributions under each grade of wind load are extracted to form the training set. The patterns in standard pattern library and the training set are different. The testing set is formed of 50 patterns of stress distributions under the wind load with mean wind speed 42.5 m/s.
The relative error is used to evaluate the accuracy of the identification. Meanwhile, the elements with large stress value are more important, so the effective of the method is assessed by the identification relative error of these elements. The identification results, in which the stress of the element is more than 100 Mpa, are considered to be used as assessment in the effective of the method, while there are 286 identification results.
The Key Region Identification
The identification results of the original method and the improved method using fuzzy neartude is compared and shown in Fig. 5 . It can be seen that the number of cases with errors less than 5% using the improved method is larger than that using the original method and the improved method is much more accurate than the original method. 
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When the measurements are disturbed by noise level of 5%, 10%, 15% and 20%, which are defined as the ratio of the root mean square (RMS) of the noise to the RMS of stress time series, the identification results of improved method are shown in Fig. 6 , the accuracy of identification results is not be affected obviously in the situation of low noise level. However, the accuracy under the disturbing of high noise level is decreased.
The Synthesized Stress Distribution of the Key Region
The corresponding regions for calculating the synthesized stress distribution of the key region is selected by D-S evidence theory and are shown in Table 1 . The region in the Table 1 is the corresponding regions selected to calculate the synthesized stress value of the element in the key region.
The identification results without using information fusion is denoted as the identification results before information fusion; the identification results using information fusion is denoted as the identification results after information fusion, which are analyzed and shown in Fig. 7 . The results show that the method using information fusion increases the accuracy of identification, but the effectiveness is not very obvious. less than 5% 5%-10% 10%-15% 15%-20% 20%-25% 25%-30% more than 30%
Identification results
The distribution of errors Noiseless 5% noise 10% noise 15% noise
20% noise
When the measurements of sensors are disturbed by noise level of 5%, 10%, 15% and 20%, the identification results using information fusion technique are shown in Fig. 8 . Comparing with the method without using the information fusion, the identification results are more accuracy under noise disturbing especially in the case of high noise level, as shown in Table 2 . The results illustrate that the proposed method using information fusion technique is effective. 5%-10% 10%-15% 15%-20% 20%-25% 25%-30% more than 30%
Identification results
The distribution of errors Noiseless 5% noise 10% noise 15% noise 20% noise Table 2 The comparison of identification results with noise.
Noise level
Before information fusion After information fusion The ratio of errors less than 15%
The maximum error 
Conclusions
The stress identification method using the measurements of sensors in the whole structure is proposed. An improved fuzzy pattern recognition method introducing the fuzzy neartudes as the weighting coefficients is discussed. The measurements of sensors in the normal regions are used to improve the accuracy of stress identification in the key region by information fusion technique. The following conclusions can be obtained:
(1) The original fuzzy pattern recognition can be used to identify stresses of elements with limited measurements of sensors, but the identification accuracy is not very good.
(2) The usage of improved fuzzy pattern recognition and information fusion technology can improve the reliability of stress identification.
(3) The D-S evidence theory is effective in selecting the normal region identification, and the weighted fusion algorithm can be used to acquire the fusion coefficients of each region. But these two methods could only be used in the early-stage preparation part with data from the finite element model.
(4) When the measurements of sensors are disturbed by noise, especially in the case of high noise level, the use of information fusion technique will bring in more reliable results.
